The biological mechanisms associated with the development of the primary immune response have occupied the attention of numerous investigators. Such fundamental immunological features as the induction phase (1-3), the duration of the latent period (4-6), the cellular dynamics associated with antibody formation (5-9), the homeostatic mechanisms controlling the course of the immune response (10-12), and the development of immunological memory (13-15) have all been extensively considered.
Materials and Methods
Animals.--A noninbred strain of female Swiss white mice weighing 20--25 g at the onset of the experiments was used in the present work.
Irnmunization.--Groups of 5 to 10 mice were immunized with 2 X los washed sheep erythrocytes intradermally into the right hind footpad and intravenously via the tail vein. The mice receiving the intradermal injection were studied for 240 days after the single footpad immunization, while the intravenous group was studied on a comparative basis for 12 days.
The secondary immune response in a group of 21 animals was determined for 7 days after injection of 2 X l0 s erythrocytes into the right hind footpad, 140 days after the single primary immunization.
Agar Plaque Technique.--The hemolytic plaque test, predominantly detecting 19S antibody-producing cells, was carried out according to the method of Jerne et al. (16) . The indirect hemolytic test for the detection of 7S-producing cells was carried out according to Dresser and Wortis (17) utilizing additions of anti-TS globulin at a predetermined optimum dilution.
Plaque assays were performed on lymphoid cell suspensions taken from six different lymphoid tissues in each animal both proximal and distal to the injection site. These tissues included the popliteal and iliac lymph nodes, spleen, thymus, bone marrow, and peripheral white cells. In the intravenous group, a renal lymph node was substituted for the iliae lymph node. Plaque assays were carried out in triplicate on each lymphoid tissue in each of the animals tested, and the average of triplicate counts expressed as plaque counts per million cells plated.
Sarological t'roce.dures.--The mice were exsanguinated by bleeding from the retro-orhital sinus. Hemagglutination tests were individually performed on all sera. Serial twofold dilutions of 0.5 ml in phosphate buffered saline, pH 7.2, were made in Wassermann tubes, and 0.2 ml of 0.5~ washed sheep erythrocytes were added per tube. The racks were shaken and the patterns read after the suspension had settled for 4 Jar at room temperature.
The partition of the antibody reactivity of the serum samples into 19S and 7S activities was assessed by three methods: treatment with 2-mercaptoethanol (2-hIE) (6, 19) , DEAEcolumn chromatography (18) , and sucrose density gradient ultracentrifugation (20) .
R E S U L T S
The Response in Nonimmunized Control Mice.--Occasional background plaque counts were obtained after incubation of normal spleen, lymph node, thymus, bone marrow, and peripheral white cells. Counts of 0.5 plaques per million (ppm) or less were considered as normal values.
None of the normal control mice exhibited hemagglutination titers when tested against sheep erythrocytes.
The Response to Intradermal Injection.--Initial evidence of 19S plaque-form-
ing cellular (PFC) activity was noted on day 2, when 2 ppm were demonstrated in the popliteal lymph node, the most proximal draining lymphoid tissue, after intradermal administration of antigen. This finding indicated a latent period of 1-2 days for the onset of immune reactivity. As m a y be seen in Fig. 1 c, the 19S P F C response increased to a level of 10 ppm on day 3 and abruptly to a peak of 576 ppm on day 4. The response subsequently fell precipitously and from days 5 to 10 exhibited minor peaks coincident with the peaks of 7S P F C activity on day 6 and day 10, which in numerical terms exceeded 500 ppm.
Further data pertaining to 7S activity is summarized in Fig. 1 c which also illustrates a 2-3 day duration for the 7S latent period. 14 . Both 19S and 7S activity declined progressively between 14 and 60 days to levels of 1-4 ppm, after which these levels were maintained except for an unexpected small peak on day 120. The 7S and I9S activities exhibited the same trend in values. However, levels of 7S PFC activity exceeded 19S PFC activity with the exception of day 120,
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when 19S cellular activity rose to 15 ppm while 7S activity rose more modestly to 8 ppm.
Figs. 1 b and 2 b illustrate the numbers of plaques in the iliac node cell samplings. The PFC activity in this lymphoid tissue, which comprises the second lymphoid station for the trapping of antigen adm{nlstered into the hind footpad, ~.xhlbited the same trend in values as that of the popliteal lymph node but was of a lower magnitude. While 19S activity was only slightly reduced, 7S activity, in comparison, was more markedly reduced especially during the phase of maximal activity from day 6 to day 12 ( Fig. 1 b) . The reduction in 7S activity persisted throughout the course of the experiment. This was particula~ly evident on day 120, when the 19S counts increased to a peak of 30 ppm that exceeded the peak of 15 ppm in the popliteal node, while 7S activity was not present in the iliac node in contrast to the popliteal node which exhibitod 8 7S ppm (Fig. 2 b) .
The spleen, representing the next lymphoid station in the pathway of lymphatic drainage sampled in the present work, demonstrated a 19S peak at 5 days of 40 ppm and a 7S peak of 9 ppm on day 11 (Fig. 1 a) . Thereafter, the spleen counts were of a very low level, that is, less than 1 ppm until day 120 and thereafter, when levels of both 19S and 7S activity rose modestly to 2-5 ppm (Fig. 2 a) .
Responses in the three remaining distal lymphoid tissues were minimal and may be summarized as follows. The thymus exhibited less than 1 ppm throughout the course of the experiment, with the exceptions of day 120 when 4 19S ppm were noted and day 140 when 1.5 7S ppm were found. The peripheral white cells exhibited intermittent low level activity with maximum levels of 3-4 ppm noted coincidently with the corresponding 19S and 7S peaks in the draining popliteal lymph node. The bone marrow exhibited less than 1 ppm until day 120, when 6 19S ppm were observed. Thereafter, from 1 to 5 7S ppm were seen. Because of the large cell mass of this tissue, such activity could represent a significant contribution to the immune response during this late phase. Fig. 1 d illustrates total and 2-ME-resistant antibody levels during the initial 2 wk of the experiment. The apparent latent period for the time of appearance of circulating antibody was 3--4 days for the 19S antibody and 5-6 days for the 7S antibody. The apparent peak levels of 19S and 7S antibody occurred 8-10 days after injection of the antigen, and thus lagged behind the peak of corresponding plaque activity in the proximal lymphoid tissue by 1 to 2 days. Fig. 2 d summarizes the data on serum titrations during the subsequent phases of the immune response. Antibody levels were maintained at a maximum throughout the experiment, in sharp contrast to the persistence of only small numbers of antibody-forming cells as revealed by plaque assay. The late antibody exhibited almost continuous change in type as reflected by sensitivity to 2-ME. The antibody appeared to be predominantly 2-ME-resistant until 60 days, then 2-ME-sensitive until 120 days, when a further peak of 2-MEresistant circulating antibody was demonstrated. Subsequently, the variations in sensitivity to 2-ME were duplicated with recovery of 2-ME-resistant antibody at 220 days after total disappearance of such reactivity at 200 days. With little alteration in total antibody levels, the evidence suggests that the two major fluctuations are inversely related. Table I illustrates the results of sucrose density gradient ultracentrifugation studies on serum samples taken during representative phases of the immune response. In the early sampling on day 5, the 2-ME-sensitive antibody was macroglobulin. On day 8, the time of appearance of peak 2-ME-resistant antibody, fractionation in a sucrose density gradient yielded a small peak of rapidly sedimenting macroglobulin antibody and a much larger peak of slowly sedimenting 7S immunoglobulin. On day 80 and day 200, however, when antibody activity was completely abolished by treatment with 2-ME, serum fractionation resulted in a single peak of antibody activity which was contained in the less dense fraction on gradient ultracentrifugation corresponding to 7S immunoglobulin. Loss of antibody activity after treatment with 2-ME was confirmed by analysis of the isolated fractions. On day 140, antibodies contained in the less dense fractions on gradient analysis, corresponding to 7S immunoglobulin, exhibited a degree of both 2-ME resistance and 2-ME sensitivity in agreement with the analysis of whole serum.
Fractionation of the antisera by column chromatography on DEAE confirmed the conclusions derived from the sucrose density gradient studies in that late antibody derived from a serum sample on day 200 was eluted with 0.0175 M phosphate buffer at pH 6.3 (18) in the fraction containing 7S antibody activity. Response to Intravenous Injection.-- Fig. 3 summarizes the data obtained after intravenous administration of a single dose of 2 X 10 s sheep erythrocytes. The plaque counts in the spleen, which comprises the proximal lymphoid tissue after intravenous administration of antigen, is illustrated in Fig. 3 b. The 19S plaque counts, which were observed initially on day 2 (5 ppm), rose sharply from a level of 20 ppm on day 3 to 1128 ppm on day 4. The magnitude of the 19S response was significantly greater than in the draining popliteal lymph node, although the pattern of the rise followed by the subsequent sharp fall in activity was similar in both proximal lymphoid tissues.
TABLE I
Results of Sucrose Density Gradient Ultracentrifugatlon Studies
Control titers
The 7S response appeared and reached a peak of 513 ppm on day 5, after which two smaller peaks occurred at 2-day intervals associated with a slow diminution in activity. The first peak of 7S activity thus corresponded to the first peak of 7S activity on day 6 in the popliteal lymph node after intradermal injection. The two subsequent smaller peaks at 2-day intervals equalled the second larger peak, which occurred in the popliteal node at a 4-day interval after the initial peak of 7S activity (Fig. 3 b) .
The renal lymph node ( 5 and three smaller 7S peaks of 23 ppm, 31 ppm, and 47 ppm on days 5, 8, and 11, respectively. Additional findings of 4--6 19S ppm were observed in the thymus, bone marrow, and popliteal lymph node on day 4, while sporadic 7S activity with values of 1-5 ppm was noted in cell samplings taken from these lymphoid tissues on days 5-11. Levels of 1-2 ppm were demonstrated in peripheral white blood cells on days 4-6. Thus, the renal lymph node, which was likened in importance to the iliac lymph node in the intradermal group, ex-n.r~FUNE RESPONSE TO E~M-£1~u~OCYI'ES hibited much less activity than the latter, while the remaining distal lymphoid organs exhibited similar minimal activity.
The serological studies illustrated in Fig. 3 c were characterized by a latent period for the time of onset of 19S and 7S antibody of 3 days and 5 days, respectively. Peak titers were reached on day 5-6, a 1-2 day lag relative to peak plaque activity, and were maintained at approximately the same levels for the 12 day period. The levels of 19S circulating antibody and 19S PFC activity in this group were substantially greater than corresponding activities in the intradermal group. These trends relating antibody levels and numbers of antibodyforming cells at peak activity are in agreement with the work of Hege and Cole (21) .
Secondary Response to Intradermal
Imraunization.--The data acquired from plaque studies and circulating antibody titers after secondary stimulation, elicited by intradermai admln~*tration of 2 X 108 sheep erythrocytes into the right hind footpad 140 days after primary immunization, are presented in Fig. 4 .
Plaque counts in the draining popliteal lymph node (Fig. 4 c) showed an increase over the background level on the third day, when counts of 20 19S and 163 7S ppm were demonstrated. The observed latent period for both 19S and 7S plaque formers thus differed in two ways from the latent periods in the primary response. First, the sequence in 19S and 7S activity, which is an expression of differences in the relative duration of the latent periods, was not observed in the secondary response. Secondly, the duration of the absolute latent period was 2-3 days in contrast to a 1-2 day period for the primary response. These differences, however, are likely to be more apparent than real because of the elevated background levels of up to 5 ppm observed in this previously immunized group.
The characteristic event in the secondary response was the 7S plaque-forming activity, which rose to a maximum of 1500 ppm on day 5 from a level of 414 ppm on day 4 (Fig. 4 c) . The 7S plaque counts then fell sharply to a level of 27 ppm on day 7. In contrast to the great magnitude of this 7S peak and the large peak of 19S activity in the draining popliteal lymph node in the primary response, the 19S plaque activity in this group showed a peak of only 196 ppm. Moreover, the peak occurred on day 5 rather than day 4, the time of peak activity in the primary response (Fig. 1 c) . In addition, the time required to reach peak levels from the beginning of the period of rise was 48 hr, in contrast to the 24-hr period of rise observed in the primary response in the intradermal and intravenous groups.
The subsequent lymphoid stations in the pathway of lymphatic drainage of the hind footpad, namely the iliac lymph node and spleen, exhibited significantly lower plaque counts than those observed during the primary response (compare Figs. 4 b and 4 a with Figs. 1 b and 1 a) . This is particularly evident in the fliac lymph node in which levels of 19S and 7S activity of 400 ppm and 300 ppm, respectively, were reached in the primary response in contrast to levels of 10 19S and 50 7S ppm obtained in the secondary response.
The distal lymphoid tissues exhibited minimal reaction in agreement with the findings in the previous groups. The bone marrow demonstrated 2-3 7S ppm on days 3-7. The thymus and peripheral white cells, however, did not demonstrate more than 1 ppm during the period of observation.
The results of hemagglutination titrations performed on the sera obtained in this group of animals are illustrated in Fig. 4 d. Mter administration of antigen, the hemagglutinin titers fell to a low point on day 2, corresponding to the negative phase, and thereafter rose to a peak on day 5, coinciding with the peak of 7S PFC activity. The serum hemagglutinin levels were not appreciably affected by pretreatment with 2-ME.
DISCUSSION
The administration of antigen to suitable hosts evokes an immunological response characterized by the appearance of several types of circulating antibody. This biological event reflects the activity of large numbers of cells recruited from various sites of the reticuloendothelial system. The great advantage of the plaque technique of Jerne over even the most sensitive methods for the detection of circulating antibody lies in its capacity to detect antibody activity quantitatively on a cellular level, not only in individual tissues, but also in the simultaneous evaluation of multiple lymphoid tissues in the same sensitized host. The results of the present work pertain to several biological features illustrative of the cellular and tissue dynamics in the primary and secondary immune response.
The sequential pattern of antibody formation in the primary immune response, characterized by the initial appearance of 19S followed by 7S antibodyforming cells, is clearly demonstrated in the lymphoid tissues of mice in the present work. This is particularly evident in the proximal lymphoid tissues receiving the bulk of the antigen, namely, the spleen after intravenous injection and the popliteal lymph node after footpad injection of antigen. In the secondary immune response, however, the pattern of antibody formation assessed on a cellular level in the popliteal lymph node was characterized by the simultaneous appearance of 19S and 7S activity, in contrast to the sequence observed in the primary response.
The latent period, which represents the stage of induction of antibody formation, has occupied the attention of various investigators. Measurements of the duration of this phase for the production of 19S antibody, determined by a very sensitive method for the detection of circulating antibody, vary from a minimum of 8 to 16 hr (5) to a period of 1-2 days (4, 6). In the present work, while an occasional animal exhibited activity in excess of background when sampled at 24 hr, most of the animals demonstrated increased cellular activity at 48 hr indicative of termination of the latent period. These observations are in agreement with the findings of some investigators who have used the plaque technique for the detection of hemolysin (16, 22) but not all (23). Landy and coworkers, utilizing a plaque technique for the detection of antibody formation to the somatic antigen of Salmonella enteriditis, demonstrated a latent period of 14-18 hr (24). These variations suggest that the duration of the latent period depends to some extent on the ability of the host to process individual antigens.
If we extend our observations on the latent period, in order to compare the time required for the onset of cellular 19S and 7S antibody-forming activity, it can be seen that the latent period for the onset of 7S antibody formation in the primary immune response is at least 1 day longer than the similar period for the onset of 19S antibody activity. A similar experiment on the secondary immune response indicated that the latent periods of 19S and 7S antibody production tended to approximate one another and indeed might well have been identical within the limitations of the experiment since immunological events were determined against an elevated background of 5 ppm.
The problem of the comparative sensitivity of the plaque technique for the detection of 19S and 7S cellular activity must be considered, since an inadequately sensitive method might fail to detect the existence of antibody-forming potential. In that event, very basic questions regarding the duration of the latent period for 19S and 7S antibody activity for both the primary and secondary immune responses, as they pertain to such problems as the mechanism of induction and the number and relationship of cell lines, are difficult to resolve, The work of Humphrey and Dourmashkin (25) , which indicates the requirement of only two molecules of macroglobulin antibody for the lysis of a single sheep erythrocyte, augurs well for the sensitivity of the plaque technique to detect 19S antibody activity on a cellular level. Thus, the finding of a latent period of 1-2 days for primary 19S response is on firm ground. The same authors (25) , however, indicate a requirement of 2000-5000 molecules of 7S antibody for the lysis of a single erythrocyre. In performing the plaque technique, the addition of anti-7S globulin enchances hemolytic efficiency. While the extent to which it does so is unknown, it would seem unlikely that it has improved the efficiency to the level of the 19S immune system. In that event, assuming identical rates of synthesis for 19S and 7S immunoglobulin, the true 7S latent period might well be even shorter than indicated in the present work. It would appear that we shall have to revise our thinking continuously on these aspects of the immune response until such time as methods of supreme sensitivity are available to provide the answers.
The present work is further illustrative of basic biological differences in the development of the peak of 19S and 7S cellular activity. Jerne has interpreted the substantial rise in PFC activity between days 3 and 4 in the primary immune response as a linear increase in 19S antibody-forming cells, itself a consequence of cellular division with a doubling time of 7.5 hr (26) . Our use of a noninbred strain of mice notwithstanding, in contrast to Jerne who utilized the inbred AKR strain, our findings cannot be readily interpreted on the basis of cellular division alone. This contention is brought into sharp focus if we con-sider the generation time required to produce 1128 ppm on day 4, after intravenous injection, from a level of 20 ppm on day 3. Such a theoretical generation time would be of 4 hr duration, in contrast to previous measurements of the doubling time for blast cells in the antibody-forming phase of the immunt response which have varied from 6 hr (27) to 12 hr (28) . We favor the view that the recruitment of cells in the 19S antibody system is dependent, at least in part, on a process of cellular maturation or transformation.
In contrast, the rise to peak levels of 7S PFC activity, which requires 48 hr, is fully compatible with the view that antibody-forming cells involved in 7S immune responses arise from cellular division with a doubling time of about 12 hr. These findings may be taken as evidence for the existence, at any point in time, of two populations of progenitor cells, one of which arises, at least in part, by a process of maturation for the synthesis of 19S antibody, while a second gives rise to 7S antibody-forming cells by a process of cell division.
A second biological characteristic, illustrated by the cellular dynamics associated with the peaks of 19S and 7S plaque activity, may also be interpreted as evidence of the existence of two populations of immune cells recruited from different progenitors. As indicated previously, the 19S peak in the primary immune response after intradermal and intravenous injection was almost always monophasic with relatively minor variations thereafter associated with the downtrend in values. In contrast, the 7S PFC activity exhibited a number of peaks. These findings suggest that the 19S primary response, after a single administration of antigen, is elicited by a single burst of antibody-forming cells. In contrast, the biphasic or multiphasic 7S peaks reflect waves of recruitment of antibody-forming cells.
The immune mechanism which shuts off the production of 19S activity after a single peak of response and produces waves of 7S antibody activity may be dependent on feedback inhibition by newly formed antibody. Uhr and coworkers, utilizing methods for the detection of circulating antibody as a measure of responsiveness (29), and Moiler and Wigzell, utilizing a cellular plaque assay (22) , have delineated the basic features of feedback inhibition. It may be speculated that 19S activity ceases as 7S antibody is formed. The prolongation of 19S antibody synthesis by the inhibition of 7S antibody formation after administration of 6-mercaptopurine favors this view (30) . Moreover, the presence of a lag period of 40-50 hr for the inhibition of 19S antibody formation by passively administered antibody (31) may be compatible with the timing of the latent period for 7S antibody activity and the peak of 19S antibody activity demonstrated in the present work, ff we assume that the newly formed antibodies are retained in higher concentration in lymphoid tissue for which some evidence is available (32) . Utilizing similar lines of reasoning, feedback inhibition could account for the biphasic or multiphasic 7S peaks observed at intervals of 2-4 days duration. This timing is in agreement with the lag period of 48-72 hr required to induce suppression of 7S cellular antibody activity by passively administered antibody (31) .
The biological variations in the immune response in lymphoid tissues, designated as distal and proximal to the site of administration of antigen, are represented in the results of the cell samplings taken throughout the time course of the experiments. Mter footpad and intravenous administration of sheep erythrocytes, the proximal lymphoid organs, namely the popliteal lymph node and the spleen respectively, exhibited the most intense immunological reactivity in agreement with previous work utilizing cell transfer systems (33) or tissue culture methods (34) . Such reactivity demonstrates the efficient capacity of the proximal lymphoid tissues to trap particulate antigens and is representative of an important biological function of the reticuloendothelial system. In the primary immune response after intradermal injection, however, the significant and sustained response in the fliac lymph node also suggests sensitization of this lymphoid mass with significant numbers of sheep erythrocytes. In contrast, the spleen exhibited very low level activity, with small 19S and 7S peaks demonstrated 1-2 days after similar peaks in the proximal lymphoid tissues. Such low level activity might well represent the activity of migratory sensitized cells which has been well documented (35) .
The enhancement of the biological mechanism for trapping antigen, by previous sensitization of host lymphoid tissues, is demonstrated by the response in the iliac lymph node after secondary immunization with antigen injected into the right hind footpad. The numbers of active cells in this tissue were signifi cantly decreased when compared with the numbers observed after primary immunization. This difference may be ascribed to diminished amounts of antigen reaching the iliac node due to the presence of preformed antibody, which might allow larger amounts of the particulate antigen to be sequestered in the more proximal popliteal lymph node by a process of immune phagocytosis.
If we consider the cellular events in the distal lymphoid tissues, which represent a potential lymphoid mass many times in excess of the proximal lymphoid tissue, a number of additional features are demonstrated.
Investigation of the immune response in the thymus gland demonstrated significant numbers of antibody-forming cells during the late phase of the primary immune response to sheep erythrocytes administered into the footpad. Previously, Sainte-Marie, utilizing fluorescent methods, revealed the presence of antigen in the thymus gland after intravenous administration (36) , and it can be demonstrated that the thymus is capable of initiating an immune response to antigen administered directly into the gland (37). Plaque-forming cells have also been recently demonstrated in the thymus after administration of sheep erythrocytes (38) and Salmonella enteridilis (24) . Holub (39) has demonstrated that thymic lymphocytes are capable of immunological response, but are inhibited from doing so by the presence of thymic reticulum cells. The present work does not establish whether the values obtained for both 19S and 7S plaque formers represent a focal immunological reactivity or migration of sensitized cells into the tissue. We favor the view that thymic activity at 120 days was due to an intrinsic immune reaction, since such reactivity was part of the generalized lymphoid response observed at that time. Similar low level activity in samples derived from the bone marrow during the late phase of the experiment was also interpreted to indicate focal activity in this cellular compartment, which in view of the large total cell mass could represent a significant contribution to the total immune response.
The apparent lack of correlation between the persistent maximal antibody levels and the virtual absence of cellular response, as indicated by plaque counts only slightly in excess of background, needs to be considered. Examination of the late curves of immune response after intradermal administration of the sheep erythrocytes indicated a sudden onset of generalized low level lymphoid cellular activity in multiple lymphoid tissues in the majority of the animals sampled at 120 days, in contrast to intrinsic focal responses during the first 14 days which were virtually limited to the draining lymphoid tissue. It may be speculated that the persistence of antibody throughout the experiment may be associated with fairly frequent bursts of generalized immunological reactivity, and that the sampling at 120 days fortuitously demonstrated one of them. Since samplings were taken at 20 day intervals during this late phase, it is conceivable that further episodes of plaque activity, which could account for the persistence of circulating antibody, might have been missed. This contention must await further study.
That the biological characteristics of the late phase of the immune response differs from the early phase is also indicated by the analyses of the types of antibodies in the circulation. The chemical nature of the antibody, which presumably reflects cellular activity, was shown to be 2-ME-sensitive when sampled at 100 days and again at 200 days after administration of antigen into the footpad. These initial findings prompted us to consider the antibody to be macroglobulin. Surprisingly, it proved to be of a 7S type. Similar antibody, that is 7S 2-ME-sensitive antibody, has been demonstrated by Adler early in the immune response to sheep erythrocytes in mice (40) , and by Stavitsky early in the immune response to human serum albumin in rabbits (41) . While certain characteristics of late antibody such as conversion from a precipitating to a nonprecipitating type have been demonstrated in a number of immunological systems in other species (15) , the present work would appear to be the first to demonstrate the presence of 2-ME-sensitive 7S antibody as a late manifestation of the primary immune response in one species.
It may be presumed that the stimulus for the production of the late manifestations of the immune response is due to retained antigen (10, 11) . While the associated factors that initiate such intrinsic stimulation of the late immune phase are not known, the manifestations evident in the present work are two major fluctuations in 7S 2-ME-resistant and 7S 2-ME-sensitive antibodies that may well be inversely related. Since 19S antibody activity was not detectable by sucrose density gradient studies, possibly because of the dilution factor of antibody in low titer, it may also be present. Thus, the late phase of the primary immune response may be characterized by intrinsic fluctuations in the types of immunoglobulins indicative of alterations in the homeostatic mechanisms for maintenance of immunological reactivity.
Further consideration of the late manifestations of the immune response also pertain to the question of immunological memory. Specifically, one wonders about the frequency of the persistence of some type of antibody as a late manifestation of the primary immune response, and the role of such antibody in the phenomenon of immunological memory. While most investigators ascribe immunological memory to the enhanced proliferative potential of persistently sensitized cells or precursors of such cells ready to initiate 7S antibody formation upon renewed exposure to antigen, the persistence of 7S antibody, albeit of a 2-ME-sensitive type, is compatible with this view (15) .
Comparison of the numbers of 19S plaque-forming cells and the height of the 19S antibody titer in the primary and secondary response to a single injection of sheep erythrocytes into the right hind footpad also bears on the phenomenon of immunological memory in the 19S immune system. In this respect, the findings of the present work cannot be taken as evidence for the presence of immunological memory in this system, contrary to the findings of Nossal and coworkers (42) based on serum titrations. In the present work, quantitative studies of the cellular dynamics in the proximal lymphoid tissue in the primary and secondary immune response indicated that the numbers of 19S plaque formers were significantly reduced in the secondary immune response, which maybe taken as evidence of the lack of immunological memoryin the maximally sensitized, proximal lymphoid tissue. Since the proximal tissue is predominantly reactive in the prima~y immune response, it is possible that restimulation with a second dose of antigen, especially by a different route, may elicit an increase in 19S antibody activity associated with the recruitment of a large number of previously uncommitted lymphoid cells in lymphoid tissues other than those which were involved in the primary response. Thus the work of Nossal and his colleagues might be interpreted as an apparent indication of immunological memory due to the increase in 19S cellular response in urevlouslv uncommitted lymphoid tissues.
The impetus for the present work stemmed from a concern with the biological mechanisms underlying the cellular activity which produces immunological reactivity in the living host. The elegant experiments of Albright, Makinodan, and their colleagues (43) yielded much information about the cellular dynamics of the immune response in a population of immuno~enic cell~ in a millipore chamber. It is hoped that plaque techniques may permit the assessment of the biological responses, the elucidation of tissue as well as of cellular dynamics, in living intact hosts. Studies of the cellular events in immune reactions by cytological and radioantographic methods in relation to the cellular dynamics, as demonstrated by plaque assay, may be particularly valuable.
S U M M A R Y
The direct and indirect plaque technique for the detection of antibody-forming cells against sheep erythrocytcs was utilized for the investigation of a number of biological parameters of the primary and secondary immune response on a cellular level.
The scqucntial pattern of 19S followed by 7S antibody formation was elicited in the primary response after a latent period of at least I-2 days and 2-3 days respectively. The secondary response initiated 140 days affcr primary immunization, in contrast, was characterized by the simultaneous appearance of 19S and 7S antibody-forming cells after an observed latent period of 2-3 days.
The cellular dynamics of the recruitment phase of the respective immunoglobulins in the primary and secondary response was interpreted as evidence for the derivation of the two classes of immunoglobulins from separate progenitors. The 19S antibody-forming cells were derived predominantly by a process of transformation and maturation and 7S antibody formers by a process of cellular division with a doubling time of about 12 hr.
The draining lymph node erJaibitcd maximal immunological reactivity due to its capacity to retain the particulate antigen. This capacity was considerably enhanced in the sensitized draining lymph node. Minimal cellular activity was also noted in distal lymphoid tissues which included the thymus.
Focal cellular activity was observed in the draining lymph node for 03 days after immunization. Subsequently, very low level plaque-forming cellular activity was observed in assodafion with persistence of maximal antibody activity. The appearance at 120 days of a generalized peak of cellular activity in lymphoid tissues throughout the host was considered an explanation for this discrepancy.
The change in distribution of cellular antibody-forming activity, from a local to a generalized lymphatic rcsponse during the late phase of the immune response, implied a fundamental alteration in homeostatic mechanisms associated with maintenance of immune reactivity. Further manifestations of such an alteration were indicated by thc appearance of 2-ME-sensitive 7S antibody nearly 3 months after primary intradermai immunization, which in the ensuing 5 months was associated with, and inverscly related to, two major fluctuations in 2-ME-resistant 7S antibody.
Evidence for the existence of immunological memory in the 19S system was not established in the present work. 19S anamnesis, for which evidence was derived from measurements of circulating antibody levels, was interpreted from cellular studies as the result of the substantial activity of previously uncommitted 19S lymphoid cells in distal lymphoid tissue associated with previously committed 19S cells contained in the draining lymph node.
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